Abstract-We demonstrate an electrowetting-based liquid optical phase shifter. The phase shifter consists of two immiscible liquid layers with different refractive indices. Sandwiched between the two liquids is a rigid membrane that moves freely along the optical axis and is supported by a compliant surround. When applied with a pressure, the thicknesses of both liquid layers change, which induces a difference in optical path, resulting in a phase shift. A miniaturized electrowettingbased actuator is used to produce hydraulic pressure. A multi-layered SU8 bonded structure was fabricated. A phase shift of 171°was observed when the device was incorporated in the Mach-Zehnder interferometer and driven with 100 V.
I. INTRODUCTION
O PTICAL phase tuning is highly desired in various precision and imaging tools in the industry and scientific research [1] - [3] . Among various optical phase shifters (OPS), electrooptic modulators are frequently used in communication systems [4] . Furthermore, advanced imaging systems such as optical coherence tomography rely on optical path length modulation in one arm of an interferometer setup to produce noninvasive cross-sectional imaging in biological systems [5] . In phase shifting interferometry (PSI), an OPS with a wide aperture and a linear medium is required [6] . Other optical imaging systems, for example, phase contrast microscopy, rely on a static OPS [7] . A tunable phase shifter with a transmissive, wide aperture and linear-isotropic medium could thus be very desirable for the simplification and miniaturization of optical systems. Here we introduce a simple and miniaturized OPS, the liquid optical phase shifter (LOPS) based on electrowetting.
II. CONCEPTUAL DESIGN
The schematic design of the proposed LOPS is shown in Fig. 1(a-b) . Two transmissive liquid layers, "A" and "B", with different refractive indices n A and n B and thicknesses of d A and d B , respectively, are placed interfacing each other. Light enters normal to layer "A", passes through layer "B" and exits through the other end. We call this state as state "1". The device exhibits an optical path length (OPL) of: in which "1" in the subscript denotes the state of the device. When the total device thickness (d A + d B ) remains constant and the thickness of one layer is reduced by d, the thickness of the other layer has to increase accordingly by d. We call this state as state "2". As a result, OPL changes. If we define the optical path difference (OPD) as the difference in the OPL between states "1" and "2", it is:
which in turn translates to an optical phase shift of 2π · O P D 1→2 /λ, for a given wavelength of λ.
The cross section of a device based on the LOPS is shown in Fig. 1(c) . The device has a rigid SU8 layer that resides between two immiscible liquids to prevent curvature forming at their optical interface. This adds an extra OPL to the device; however, since the thickness of this layer remains constant during the device operation, it does not affect O P D 1→2 . This rigid layer is held in place via a compliant thin disc-shaped SU8 membrane; therefore, it moves freely along the optical axis at the presence of a hydraulic pressure, similar to what was previously demonstrated in liquid prisms [8] . The whole upper SU8 structure is anchored to the bottom substrate via SU8 spacers. These spacers hold the upper SU8 in place, while providing enough separation from the bottom substrate for liquid flow. Furthermore, on the bottom substrate, a plurality of interdigitated electrodes are defined and covered by an SU8 insulating layer. When a voltage is applied to the interdigitated electrodes, water, being used as conductive liquid "A", is pulled into the channel via electrowetting [9] . Hence the silicone oil that is used as the liquid "B" is pushed inward. Since both liquids can be considered incompressible, silicone oil exerts a pressure on the rigid SU8 membrane.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Thus, the rigid SU8 moves upward while the compliant SU8 membrane deforms just enough to provide a reaction force on the rigid SU8 membrane.
III. FABRICATION PROCESS
The device fabrication process flow is shown in Fig. 2 . The overall process is based on multi-layer SU8 processing on two wafers that are later bonded at final stages [10] , [11] . First, as shown in Fig. 2(a) , a 200-nm Tantalum layer is sputtered and patterned on a 4 inch Borofloat bottom glass wafer. Then a 2-μm SU8 is spin coated and patterned on top to form the electrical insulation layer, as shown in Fig. 2(b) . Next, as shown in Fig. 2(c) , a 200-μm SU8 is added and patterned to construct the spacer layer for the device. The wafer is then exposed to an oxygen plasma treatment to increase the SU8 surface energy, which facilitates the subsequent SU8 bonding later.
On another Borofloat wafer, as shown in Fig. 2(d) , a sacrificial copper layer with a thickness of 750-nm is deposited and further patterned to provide alignment marks for successive steps. On top of it, as shown in Fig. 2(e) , a 2-μm SU8 film is added and patterned. This constitutes the compliant SU8 membrane that supports the rigid SU8 layer on top. Then a 50-μm SU8 layer is added that becomes the rigid layer. Finally, as shown in Fig. 2(f) , another 50-μm SU8 layer is laid down that provides 4 pairs of semicircular retention and alignment dimples at the corners.
The final die fabrication stage consists of wafer bonding and release of the top glass layer. Initially, wafers are roughly aligned and pressed by hand. Due to the presence of alignment dimples on the top substrate and retention holes on the bottom glass, the two wafers latch onto each other. Then both wafers are put into a custom-built wafer bonder and a pressure of 15 atm is applied. The wafer bonder is then put into a vacuum furnace and heated to 130°C and is held for 3 hours. Subsequently, it is taken out and left to cool down to room temperature. In the next step, the bonded wafer pair is cut with a dicing saw and bonded dies are then left overnight in a copper etchant solution to release the top glass layer. After rinsing and drying, dies are placed in a desiccator and an octadecyltrichlorosilane (OTS) monolayer is deposited onto the dies. This step converts the previously treated, hydrophilic SU8 and the glass surfaces to hydrophobic surfaces [12] . A finalized die is shown in Fig. 2(g) .
The die fabrication is followed by packaging steps to realize a working device. Frist, a 3D printed Accura®60 chamber is glued with epoxy to the die. Then wires are connected to the die with conductive silver epoxy glue. After curing the conductive glue, a silicone oil (Dow Corning®550, n = 1.49) is injected through an opening to the inner chamber of the device, after which the opening is sealed with a fast curing epoxy. Subsequently, the rest of the chamber is filled with water (n = 1.33). Finally, the top of the chamber is covered with a glass slide and sealed at the edges with a marine grade epoxy glue.
IV. DEVICE CHARACTERIZATION

A. Mechanical Considerations
The sole purpose of a proper LOPS is the capability to induce a phase shift. Any unwanted wavefront aberration therefore needs to be mitigated. As a result, the deformation of the rigid SU8 layer which separates the two liquids should be minimized when it is exposed to a hydraulic pressure. If not, any deformation results in a non-infinite mean curvature which turns the LOPS into a microlens. In order to assess the effect of pressure on the SU8 membrane deformation, a simulation was conducted. In the example shown in Fig. 3 , a pressure as low as 65 Pa results in a maximum deflection of 1.6 μm, which is enough to induce a 180°phase shift for a 532 nm light. It can be seen that the rigid SU8 layer remains flat, and almost all of the deformation occurs at the thin supporting SU8 membrane around it. Such a very low pressure is easily achievable via electrowetting [13] . Thus, we anticipate that the rigid SU8 membrane will freely move under a minimal hydraulic pressure from an electrowetting actuator.
B. Optical Performance
A completed device is shown in Fig 4(a) . A Mach-Zehnder setup with a 532 nm laser was assembled on an isolated optical table to evaluate the optical performance of the device. A photodiode (PD) was put at one end of the interferometer, and a CCD sensor was placed at the other end. After alignment, the LOPS was placed in one arm of the interferometer. In the other arm, an auxiliary lens with a focal length of 50 cm was placed. The resulting fringe patterns were recorded via the CCD and corresponding PD current was recorded when an AC source was applied to the device. Results were averaged over multiple measurements. As shown in Fig. 4(b-e) , applying a voltage to the device moved the position of the triple contact line (TCL; the boundary between the water-insulator and the oil-insulator interfaces). Furthermore, as shown in Fig. 4(f-i) , a phase shift was observed, which manifested itself in a shift of fringe patterns and a change in the PD signal. A maximum phase shift of 171°was recorded for 100 V.
V. CONCLUSION
A liquid optical phase shifter based on electrowetting has been demonstrated. This transmissive, wide aperture phase shifter has the potential to be used in numerous applications, from laser side band generation to imaging systems such as phase contrast microscopy and optical coherence tomography. The linear and isotropic nature of this device gives an extra degree of freedom to optical engineers to design ever versatile tools. In the future, we aim to incorporate novel actuation mechanisms to expand the LOPS dynamic range.
